The influence of Atlantic sea surface temperature (SST) anomalies on the atmospheric circulation over the North Atlantic sector during winter is investigated by performing experiments with an atmospheric general circulation model (GCM). These consist of a 30-year run with observed SST anomalies for the period 1961-90 confined geographically to the Atlantic Ocean, and of a control run with climatological SSTs prescribed globally.
Introduction
Interannual-to-decadal variability of the atmosphere over the North Atlantic sector in winter is dominated by the so-called North Atlantic Oscillation (NAO) teleconnection pattern (van Loon and Rogers, 1978; Wallace and Gutzler, 1981; Hurrell, 1995) . The classical NAO pattern is defined in terms of correlations between the sea-level pressure (SLP) field and the NAO index, measured in terms of the difference of the normalized pressure over Portugal minus that over Iceland (e.g., Hurrell, 1995) . The NAO consists primarily of a zonallyelongated north-south pressure dipole, with a predominantly equivalent barotropic vertical structure. The nodal line of the dipole lies approximately along the axis of the mean jet stream over the North Atlantic; swings in the NAO are associated with fluctuations in the meridional pressure gradient and the position and strength of the jet. Since the 1960s, the NAO index has exhibited large decadal swings superimposed on an upward trend (Hurrell, 1995) . These have been accompanied by pronounced anomalies in temperature and precipitation over Europe (Moses et al., 1987; Parker and Folland, 1988) .
The dynamics of the NAO and its interannual and longer-term fluctuations are still largely unknown. Evidence from general circulation models (GCMs) suggests that the NAO is an intrinsic mode of the atmosphere, with an essentially intraseasonal time scale (Saravanan, 1998) . Recent diagnostic studies suggest that the dipole pattern may result from averaging over several of the atmosphere's preferred patterns of variability (Cheng and Wallace, 1993; Robertson et al., 1997) . Bjerknes (1964) hypothesized that fluctuations in the NAO index on interannual time scales and longer are associated with ocean-atmosphere interaction. Deser and Blackmon (1993) and others found an approximately 12-year cycle in SSTs off the east coast of North America, with concurrent changes in atmospheric circulation. The location of these SST anomalies coincides with the Gulf Stream, suggesting that changes in ocean-gyre transport may be causing them. Using a coupled oceanatmosphere GCM, Grötzner et al. (1997) found evidence of this scenario, whereby midlatitude SST anomalies influence the NAO, which then drives changes in the strength of the subtropical ocean gyre and its northward heat transport.
There is a consensus that the El Niño-Southern Oscillation (ENSO) has a strong impact on the circulation over the North Pacific (see Lau, 1997 ), but its impact over the North Atlantic appears to be much weaker (van Loon and Rogers, 1981; Chen, 1982; Graham et al., 1994; Lau and Nath, 1994) . The question of the influence of Atlantic SST anomalies on the atmospheric circulation over the North Atlantic remains largely unanswered. A series of studies that have used atmospheric GCMs to investigate the impact of SST anomalies over the northwest Atlantic on the overlying atmospheric circulation have not yet provided a consensus view of the atmospheric response. Palmer and Sun (1985) found an equivalent barotropic ridge centered downstream of a prescribed warm SST anomaly over the northwest Atlantic. Peng et al. (1995) found a marked seasonality with a ridge similar to Palmer and Sun's (1985) in November, but a trough during January. Robertson et al. (1997) found a result similar to Palmer and Sun's (1985) , but with a substantial projection onto the NAO.
Using a 30-year GCM integration forced with observed SST between 38 o S and 60 o N, Lau and Nath (1990) found an NAO-like pattern to be substantially correlated with SST fluctuations over the tropical South Atlantic.
The goal of the present study is to investigate the sensitivity of the atmospheric circulation over the North Atlantic to SST variations throughout the Atlantic Ocean. Our strategy is based on the detailed analysis of two 30-year long atmospheric GCM integrations.
In the first, SSTs follow their seasonally-varying climatology everywhere. The second experiment is identical to the control, except that observed SSTs are prescribed over the Atlantic Ocean, with climatology elsewhere. An additional 30-year GCM integration is made to confirm our findings, with observed SST variations confined to the South Atlantic.
The paper is structured as follows. In section 2 we outline the GCM and describe the experimental design. In section 3, we document the simulated variability in terms of monthly Figure 1a shows the wintertime climatological mean 500-mb height field from ATL.
The model performs reasonably well compared to other current GCMs (cf. D'Andrea et al., 1997) . The simulated field exhibits a strong wavenumber-3 pattern. The mean troughs are located realistically over the eastern Pacific, eastern Canada and eastern Europe, although their amplitudes are somewhat overestimated, especially over eastern Europe. The mean height differences between ATL and CTRL at 500 mb are shown in Fig. 1b . The rectified effect of Atlantic SST anomalies is substantial, with maxima over both ocean sectors, and a large zonally-symmetric component. Figure 2 presents the standard deviations of 500-mb height monthly means for the period December-February, obtained from the CTRL and ATL experiments and observations. The latter were derived from the NCAR/NCEP Reanalysis data corresponding to the period 1961-90 (OBS hereafter). CTRL exhibits three centers of variability that are located quite realistically, but the variance is underestimated. The ATL experiment shows both a local increase in variance to near-realistic magnitudes over the North Atlantic, and a remote increase over the North Pacific.
Atmospheric variability I: Monthly means

a. Variance
b. EOF analysis
To identify the spatial structures that characterize the atmospheric variability in the simulations, we begin with a standard empirical orthogonal function (EOF) analysis of monthly maps of 500-mb geopotential height for the period DJF over the North Atlantic (Fig. 3a) , while EOF 2 of CTRL (not shown) resembles EOF 1 of ATL (Fig. 3b) over the Atlantic sector. In both simulations, EOF 2 accounts for about 20% of the variability. Thus, there is some evidence that the model's intrinsic modes of variability are present in both simulations, but that their ordering is changed when different SST variations are prescribed. In particular, the NAO-like mode becomes more pronounced when SST anomalies are considered in the Atlantic Ocean.
This model behavior contrasts with that found by Saravanan (1998) , who examined integrations with the NCAR CCM using various SST distributions. In that case, the NAOlike mode was found to be just as pronounced in the control experiment as in integrations with observed SST boundary conditions. We shall return to this change in order of EOFs in section 5, where a more detailed analysis of variability is performed.
Covariability with SST
We next examine whether the apparent increase in NAO-like behavior when observed Atlantic SST variations are prescribed is related to specific patterns of SST variability. Our approach is to perform an analysis of cross-covariance between SST and geopotential height fields using a singular value decomposition (SVD). The cross-covariance matrix was cross-covariance between two fields (e.g., Bretherton et al., 1992) . Pairs of time series are obtained-consisting of the expansion coefficients of each pair of singular vectors-whose squared covariance is maximized, though not their correlation as is the case with canonical correlation analysis (CCA). SVD and CCA, however, generally produce very similar results , while SVD is considerably more straightforward and transparent to apply. The SVD method has been used and discussed extensively over the past few years in the meteorological literature Newman and Sardeshmukh, 1995; Cherry, 1997; Venegas et al., 1997) . The accompanying height field (Fig. 4b) shows an NAO-like dipole over the western North Atlantic and a pronounced zonally-symmetric component. Such a pattern is largely a mixture of the leading two EOFs of the geopotential height time series (cf. Fig. 3b ) and the mode accounts for 48.7% of the geopotential height field variance. Negative correlations exceed -0.8 over Greenland and the polar regions. Positive correlations exceed +0.8 over the western North Atlantic, and also over Korea.
The expansion-coefficient time series (Fig. 4c ) are correlated at 0.58, and are dominated by interannual time scales-with a broad spectral peak near 5 years-and an upward trend since the mid 1970s. The 99% significance level corresponds to a correlation of 0.51 with 24 degrees of freedom; the latter estimated using the method of Chen (1981) . This threshold also provides a measure of the local significance of the correlation fields in Figs. 4a and b. The SST structure of the first SVD mode, together with its timescale, are similar to the mode of covariability in historical SST and SLP over the South Atlantic found by Venegas et al. (1997) ; this mode was also found to be correlated with the NAO in the same sense as that found here in the GCM simulation. The interhemispheric nature of this mode is analyzed further in section 6. Deser and Blackmon (1993) , and the combined modes of observed SST and 500-mb heights, and SST and SLP analyzed by Wallace et al. (1990) and Grötzner et al. (1997) , respectively. The geopotential height correlation pattern (Fig. 5b) indicates a locally equivalent-barotropic structure south of Greenland, with like-signed SST and height anomalies being spatially coincident. However, the height correlations are weaker, reaching only about +0.5 south of Greenland and -0.5 north of the Black Sea, and the mode only accounts for only 9.4% of the geopotential height variance. The height pattern is dominated by an anticyclone centered south of Iceland. It is situated somewhat further south than its counterpart in the observed covariability studies of by Wallace et al. (1990) and Grötzner et al. (1997) referred to above.
Atmospheric variability II: Weather regimes
The EOF analyses of monthly-mean geopotential heights suggest that the dominant spatial structures of simulated atmospheric variability are similar in the two simulations, but that the ordering of the EOFs changes depending on the SST distribution. The SVD analysis of the ATL experiment suggests that SST variability over the tropical South Atlantic projects onto an NAO-like atmospheric mode, similar to the leading EOF of geopotential height.
The EOF and SVD analyses are, by definition, constrained to be orthogonal, and to give a quasi-linear description of the variability. To relax these constraints, we present a cluster analysis of daily low-pass filtered geopotential height data (using a filter with a halfpower point at 10 days, Blackmon and Lau, 1980) . Here we select the 700-mb level for ease of comparison with previous observational studies of weather regimes (e.g., Kimoto and Ghil, 1993; Michelangeli et al., 1995) . The aim of this analysis is to assign daily maps of intraseasonal fluctuations into clusters that describe the structure of the model atmosphere's probability density function (PDF). Our guiding paradigm is the hypothesis that the relatively small amplitudes of interannual-to-decadal SST variations exert comparatively little influence on the atmosphere's preferred modes of variability; the latter are associated with PDF maxima which, by definition, correspond to relatively stable regions of the atmosphere's attractor.
Variations in SST, by contrast, can be expected to influence the less-stable (more turbulent) regions of the attractor, and thus influence the frequency of the transitions into one weather regime or other. Changes in transition probabilities will manifest themselves as changes in the frequency-of-occurrence of weather regimes (Legras and Ghil, 1985; Horel and Mechoso, 1988; Palmer, 1997) .
Intraseasonal variability is defined with respect to the mean seasonal cycle of the CTRL simulation. The daily 10-day lowpass filtered maps of 700-mb geopotential height maps for the period December-February over the North Atlantic sector from the CTRL and ATL simulations were concatenated into a single 60-winter series, from which the mean seasonal cycle of CTRL was subtracted on a daily basis. The resulting time series was then truncated spatially by projecting onto its leading 4 EOFs, thereby retaining 74% of the variance. The PDF bump-hunting method of Kimoto and Ghil (1993) was applied to the (daily) points in this EOF subspace. The kernel method was used to estimate the PDF as in Robertson et al. (1997) , with the smoothing parameter set to 35 o . Regimes are defined within a 30 o -radius of the bump centers; the latter corresponds to including all (lowpass filtered) maps with a pattern correlation of cos(30 o )=0.866, or greater, with the central map.
Four regimes were obtained from the 60-winter series, and Fig. 6 shows composite maps of 700-mb geopotential height anomalies on days falling into them; 29% of days are classified into a regime. Very similar results were obtained by using the K-means clustering method as applied by Michelangeli et al. (1995) . Similar regime patterns were also obtained by repeating the analysis for the CTRL and ATL experiments separately, with the anomalies of each experiment defined with respect to the respective mean seasonal cycle. This is evidence that Atlantic SST anomalies do not change the atmosphere's intrinsic modes of variability.
There is general similarity between the weather regimes in Fig. 6 and the leading EOFs of 500-mb monthly means in Fig. 3 . The four model regimes exhibit meridional dipole patterns to varying extents, with a northwest-southeast tilt. All four patterns have approximate counterparts in the observed weather-regime analyses of Kimoto and Ghil (1993) , Cheng and Wallace (1993) , and Michelangeli et al. (1995) . Regimes 1 and 3 resemble opposite phases of the NAO in Hurrell (1995) , and are similar to the Greenland cyclone and anticyclone patterns identified by Cheng and Wallace (1993) , and Michelangeli et al. (1995) . Regimes 2 and 4 have large height anomaly centers over the central North Atlantic; they resemble Dole's (1986) North Atlantic persistent-anomaly patterns. In contrast to EOFs, the weather-regime composites are sign-definite.
Assuming that these four common weather regimes characterize well the GCM's intraseasonal variability, Fig. 7 
Cross-equatorial teleconnections in the Atlantic
Both the SVD analysis in section 4 and the weather regimes in section 5 point to a teleconnection between interannual SST anomalies over the tropical South Atlantic, and the (Fig. 1b) .
16
2) There is a broad increase in the variance of monthly-mean geopotential heights over the North Atlantic as well as North Pacific. Near-realistic amplitudes are attained over the North Atlantic in the ATL simulation, while CTRL substantially underestimates the variance (Fig. 2) .
3) The model's intraseasonal North Atlantic weather regimes-defined though a cluster analysis of daily fields-have spatial patterns (Fig. 6 ) that compare encouragingly well with observed regimes (Kimoto and Ghil, 1993; Cheng and Wallace, 1993) . The four regimes are characterized by meridional dipole patterns to varying extents with a northwestsoutheast tilt; two of these regimes correspond to opposite polarities of the NAO. The leading monthly-mean EOFs (Fig. 3) have similar patterns which can be interpreted qualitatively as combinations of these intraseasonal regimes.
4) By several measures, the NAO becomes more marked in the simulation with Atlantic SST anomalies prescribed. The leading two EOFs of monthly means 500-mb heights (Fig. 3 ) appear to be common to both simulations, but to be ordered differently: the leading EOF of the ATL simulation is more NAO-like than in the control. In terms of intraseasonal weather regimes, the positive phase of the NAO (Regime 1) with negative height anomalies over Greenland is much more prevalent in ATL, while the blocked phase (Regime 3) is less prevalent (Fig. 8 ). An NAO index for each simulation is plotted in Fig. 14 in terms of 500-mb height differences between Greenland and the Azores. The interannual variance of the NAO is realistic in ATL, and about five times greater than in CTRL.
5) An additional experiment in which SST variability is suppressed over the North Atlantic (SATL) results in only a modest decrease in the variance of the NAO, indicating the important role of the South Atlantic. In both the ATL and the SATL experiments, the leading mode of covariability between simulated wintertime North Atlantic 500-mb heights and Atlantic SSTs is characterized by covariability between the model's NAO with broad SST anomalies over the South Atlantic (Figs. 4 and 9) . The high level of agreement between the ATL and SATL experiments a measure of the robustness of the GCM's interhemispheric teleconnection.
6) The second mode of covariability in ATL is characterized by a more regional relationship over the North Atlantic, but its squared-covariance fraction is only 10%, compared to almost 80% for the leading mode.
7) The frequency-of-occurrence of Regime 1 (the positive phase of the NAO) is sensitive to SST anomalies over the tropical South Atlantic, although the statistical significance is modest. Warm (cold) tropical SSTs are accompanied by increased (decreased) prevalence of this regime. The negative phase of the NAO (Regime 3) showed a much smaller opposite effect.
b. Discussion
1) THE TIME-MEAN CIRCULATION
The GCM's response to Atlantic SST variations is nonlinear in character. The ATL simulation shows a time-mean "response" to SST variations over the North Atlantic during winter, compared to the control (Fig. 1) . Thus, although the control experiment was forced by the time mean of the SST fields used to force the ATL experiment, the mean circulation differs between the two. This indicates that the atmospheric quasi-stationary waves may have an important component associated with variations in SST.
In terms of weather regimes, this rectified response to SST anomalies over the Atlantic appears to be due to the asymmetric impact of the latter on NAO-like weather regimes (Fig. 7) . The prevalence of the positive-NAO pattern is enhanced when warm SST anomalies are present over the tropical South Atlantic, while negative SST anomalies produce a much smaller enhancement of the negative-NAO pattern (Fig. 8) .
2) ATMOSPHERIC VARIABILITY In the UCLA atmospheric GCM, Atlantic SST anomalies, particularly those over the tropical South Atlantic, enhance NAO-like atmospheric variability. This result appears to be model dependent. In a similar study using the NCAR CCM, Saravanan (1998) found no such increase in the NAO when observed SSTs were prescribed compared to climatological SST forcing. Our results suggest that interannual NAO excursions may be partially predictable in terms of SST variations over the South Atlantic. The correlation between the NAO indices of the ATL and SATL experiments is 0.3, suggesting that a larger ensemble of simulations might obtain useful skill, at least in certain situations. It is intriguing to note that, since about 1980, the NAO index of the ATL experiment follows the observed quite closely (Fig. 14) .
3) INTERHEMISPHERIC TELECONNECTIONS
Observed correlations between the NAO index and SST anomalies over the South Atlantic are small. On the other hand, the work of Venegas et al. (1997) and Kushnir et al. (1998) suggest that the NAO may be correlated with the South Atlantic on particular time scales. Our GCM results suggest that it may be the South Atlantic driving the NAO, rather than the other way around as Venegas et al. (1997) suggest. Both our ATL and SATL simulations exhibit a similar pattern of interhemispheric teleconnections that suggests the following hypothesis:
(1) Anomalously warm SSTs over the tropical and subtropical South Atlantic enhance the low-level meridional temperature gradients between subtropical and midlatitudes (Fig. 9a) . Sea-level pressures rise over the warm SSTs and decrease over the cooler SSTs over the southeast Atlantic south of 30 o S (not shown). The associated low-level anomalous anticyclone is most intense over the southwest Atlantic, to the west of the warm SST anomalies, and extends into South America (Fig. 11b) .
The location of the low-level anticyclone over the southwest Atlantic, to the west of the positive SST anomalies, might suggest that the anticyclone owes its existence to a shallow heat source concurrent with the warm SST anomalies. Equatorward advection at low levels could then balance such a shallow heat source in the manner discussed by Hoskins and Karoly (1981) . However, composites of the GCM's latent-plus-sensible heat flux anomalies are rather weak over the South Atlantic (not shown). Nevertheless, they do show weak fluxes into the atmosphere concurrent with the subtropical part of the positive SST anomalies, consistent with the position of the anomalous anticyclone; thus the atmosphere acts to damp the SST anomalies here. In the equatorial region, the anomalous fluxes are directed into ocean and thus would act to reinforce the SST anomalies.
(2) Low-level convergence into the southern portion of the South American convergence zone is amplified giving rise to a net southward shift of convective activity (Figs. 10b, 11b) .
(3) The regional Hadley circulation emanating from Amazonia is intensified and displaced southward (Fig. 12b) , giving rise to region of anomalous convergence at upper levels over Caribbean. Hoskins and Sardeshmukh (1987) (4) The NAO anomaly seen in the GCM is associated with an essentially barotropic response to the upper-level convergence anomaly over the Caribbean. In the case study of the European blocking anticyclone of February 1987, Hoskins and Sardeshmukh (1987) demonstrated using a barotropic model that such an upper-level convergence anomaly over the Caribbean could produce a large rise in streamfunctions over the central North Atlantic. This is consistent with composite anomalies found in the GCM (Figs. 11b and 12a ).
Further work is required to understand the details of how SST anomalies over the South Atlantic influence the South American summer monsoon, and how changes in the latter influence the North Atlantic. The GCM simulations of the ITCZ and SACZ are not very realistic, and these two major climate features may play important roles in the atmosphere's response to SST anomalies over the South Atlantic. In the model, SST anomalies do not 20 appear to influence directly the thermally-direct monsoonal circulation. Rather, they appear to modify midlatitude pressure gradients which then in turn appear to influence the convection zone over South America. ; zero contour omitted). Eight years are included in the composite, for which the SST timeseries of the leading SVD mode (Fig. 9c ) exceeds one standard deviation in amplitude. 
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